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Soybean is a crop of agronomic importance that requires adequate watering during its growth to 
achieve high production. In this study, we determined physiological, photochemical and 
metabolic differences in five soybean varieties selected from the parental lines of a Nested 
Association Mapping (NAM) population during mild drought. These varieties have been 
described as high-yielding (NE3001, HY1; LD01-5907, HY2) or drought tolerant (PI518751; 
HYD1; PI398881, HYD2). Nevertheless, there has been little research on the physiological 
traits that sustain their high productivity under water-limited conditions. The results indicate 
that high-yielding varieties under drought cope with the shortage of water by enhancing their 
photoprotective defences and invest in growth and productivity, linked to a higher intrinsic 
water use efficiency. This is the case of the variety N-3001 (HY1), with a tolerance strategy 
involving a faster transition into the reproductive stage to avoid the drought period. The present 
study highlights the role of the physiological and biochemical adjustments of various soybean 
varieties to cope with water-limited conditions. Moreover, the obtained results underscore the 
fact that the high phenotypic plasticity among soybean phenotypes should be exploited to 
compensate for the low genetic variability of this species when selecting plant productivity in 
constrained environments. 
Abbreviations – aa, amino acids; AN, CO2 assimilation; Chl, chlorophyll; Chl a+b, total 
chlorophylls; Chl a/b, Chl a to b ratio; 13C, carbon isotope composition; E, transpiration rate; 
ETR, electron transport rate; DW, dry weight; 13C, carbon isotope discrimination; 15N, 
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isotope composition; gs, stomatal conductance; LMA, leaf mass area; LWC, leaf water content; 
Lut, lutein; F´/Fm’, fluorescence-based photochemical yield of photosystem II; Fo, minimum 
level of fluorescence; Fm, maximum level of fluorescence; Fv/Fm, maximal quantum efficiency 
of photosystem II; FW, fresh weight; HI, harvest index; NPQ, non-photochemical quenching; 
OJIP, chlorophyll a fast fluorescence transients; NAM, Nested Association Mapping; qP, 
photochemical quenching; PiAbs, performance index; PS, photosystem; QTL, quantitative trait 
locus; var, variety; Vi, relative variable Chl fluorescence at 30 ms (at the I-step); Vj, relative 
variable Chl fluorescence at 2 ms (at the J-step); Vcmax,  maximum carboxylation velocity of 
rubisco; RC, reaction centres; Treat, treatment; V+A+Z, total xanthophyll pool; TCar,. total 
carotenoids; TToc; total tocopherols; WUE, water-use efficiency; φCO2; quantum efficiency of 
CO2 uptake; φPSII., the actual quantum efficiency of PSII photochemistry. 
 
Introduction 
Soybean (Glycine max L.) is a crop of great economic and social importance worldwide 
with a cultivated area of 121 MHa and a production of 334 Mt (“FAOSTAT” 2016). The yield 
of this species has increased significantly since the Green Revolution as a result of investment 
in infrastructure, market development, breeding advances and improved management (Pingali 
2012). Currently, crop yields face reductions due to global climate change, where widespread 
droughts are predicted to increase in the next 30-90 years and average temperatures are on the 
rise (Dai 2013). Therefore, to meet future food demands, the challenge facing breeding 
programs will not only be to increase current yields, but also to boost their tolerance to drought.  
Soybean susceptibility to drought is conditioned by the duration of the stress and the 
developmental stage when the stress occurs. During vegetative growth (V3-V4), moderate 
drought periods have been observed to reduce soybean height and relative growth, but if the 
stress ends in that stage the plant will not suffer yield reductions and may acquire more 
tolerance to drought in other developmental stages (Desclaux et al. 2000, Kron et al. 2008). 
However, soybean growth is very sensitive to drought during the flowering and pod filling 
periods. Drought during these periods can reduce soybean yield between 30 to 80% (Brown et 
al. 1985, Desclaux et al. 2000, Eck et al. 1987). Although it is well known that soybean varieties 
show genotypic differences to drought and that there are soybean cultivars that show drought 
tolerance, research on physiological targets for crop improvement under these conditions is 
lacking. For example, Gilbert et al. (2011) and Hossain et al. (2014) documented different 
photosynthetic and stomatal conductance responses to drought among different soybean 
genotypes known for their yield tolerance under drought. In particular, Gilbert et al. (2011) 
highlighted that the intrinsic water-use efficiency (WUE, the ratio between photosynthesis and 
stomatal conductance) can be used in breeding due to its stability under drought. However, 
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other authors have pointed out that in grapes the intrinsic WUE measure in a single leaf does not 
represent the whole plant WUE (Escalona et al. 2013, Medrano et al. 2015). The problem arises 
when one tries to calculate the whole plant WUE because of the difficulty of measuring this 
parameter in the field or even in pot experiments. The carbon isotope composition (δ13C) 
signatures of plant biomass or seed samples have been demonstrated as being good surrogate 
measures of WUE in several crop species, showing a positive relationship between WUE and 
δ13C (Farquhar et al. 1989, Ehleringer 1990, El-Sharkawy and De Tafur 2007). In addition, 
determination of plant tissue carbon isotope discrimination (Δ13C) has been also described as 
being advantageous over physiological measurements, such as leaf-level photosynthesis or 
stomatal conductance. Compared to physiological approaches, δ13C integrates photosynthesis 
and transpiration responses over long periods of time and it can be readily determined in a large 
number of tissue samples (Farquhar et al. 1989).  
The primary processes affected by water deficiencies include impairment of 
photosynthesis (which is mainly due to a reduction in stomatal and mesophyll conductance 
changes; Chaves et al. 2009), and the increase in WUE (Farooq et al. 2012). At this point, the 
proportion of light energy used by plants for photochemistry declines, increasing the excess 
energy dissipated as heat via non-photochemical quenching (NPQ). The energy excess that 
cannot be dissipated may lead to oxidative stress. In order to avoid this situation, plants have 
developed mechanisms that include an integrated system response of enzymatic and non-
enzymatic antioxidants, together with xanthophyll cycle activation (Jahns and Holzwarth 2012). 
Tolerance responses also involve the accumulation of osmoprotectants to avoid water loss, such 
as proline (Aranjuelo et al. 2011). However, there are multiple events and metabolic cross-talks 
triggered by drought, such as hormone regulation, sugar synthesis and redox signals (Pinheiro 
and Chaves 2011). 
Studying the physiological and biochemical responses of different varieties to drought 
enables the identification and characterization of traits that assure crop production in an 
unpredictable climatic conditions future. With the purpose of finding which genes code for a 
specific trait, researchers have used quantitative trait locus (QTL) mapping in order to associate 
genomic regions with specific traits in soybean such as seed yield (Palomeque et al. 2009), 
morphological traits (Lee et al. 2015) and abiotic stress (Lee et al. 2004). Nested Association 
Mapping (NAM) was created with the objective of increasing the resolution and power of QTL 
mapping (Yu et al. 2008, Yu and Buckler 2006). Unlike traditional bi-parental QTL mapping, 
which only uses the phenotypic and genotypic variation of two parental lines, NAM increases 
variability by using several parental lines of different origin, increasing genetic resolution and 
stability (Rafalski 2010). The soybean NAM population has been created by crossing a common 
‘hub’ parent (IA3023) with 40 soybean cultivars selected for their high-yielding capacities, 
diverse ancestry and drought tolerance (Song et al. 2017). Although much knowledge has been 
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gained on the genetic control of yield, maturity, pest resistance, and agronomic characteristics of 
soy NAM parents and NAM populations (https://soybase.org/), no physiological studies 
targeted towards finding useful drought tolerance characteristics have been performed in the 
same populations.  
The aim of the present study was to gain insight into the mechanisms that determine 
differences in the tolerance of soybean varieties to drought, comparing 5 cultivars that belong to 
the NAM soybean parent population (https://soybase.org/): 2 that are high-yielding under yield 
potential conditions (NE3001 HY1; LD01-5907, HY2), 2 that are high-yielding under drought 
(PI518751, HDY1; PI398881, HYD2) and the ‘hub’ parent cultivar (control: IA3023). Here we 
present a complete analysis of the main physiological mechanisms involved in drought 
(production traits, photosynthesis, and metabolites). These results will help target future 
phenotyping experiments by describing physiological attributes associated with soybean 
resistance to water deficit stress. 
 
Materials and methods 
Plant material and growth conditions 
Soybean (Glycine max L.) cultivars were selected from SoyNAM population parents 
(https://www.soybase.org/SoyNAM/index.php) according to their high yield traits selected 
under yield potential conditions (NE3001, HY1; LD01-5907, HY2; Abney and Crochet, 2009) 
and under drought conditions (PI518751, HYD1; PI398881, HYD2; Arocho 2017, Prince et al. 
2017), and for being the ‘hub’ parent of the NAM population as a control (IA3023). Seeds of 
each cultivar were obtained from the US Soybean Germplasm Repository at Urbana-Champaign 
(Illinois). Experiments were conducted in the Agrobiotechnology Institute greenhouse facility 
(42º47´N; 01º37´W, Navarre, Spain) between March and June 2016. The seeds were germinated 
in a dark and humid environment for 4 days at 25ºC. After germination, two seedlings of each 
species were transplanted to 10-l pots filled with a mixture of peat: vermiculite: perlite 
(1:2.5:2.5, v: v). After one week, seedlings were thinned to only one seedling per pot. We 
employed a randomized complete block design for the experimental plot layout, with fourteen 
replicates per variety. Plants were allowed to grow for two months in a greenhouse at average 
temperature (ºC) of 25.52 ± 2.58 (day) and 20.82 ± 2.76 (night). The average relative humidity 
(RH; %) during the experiment was 61.37 ± 4.28 % (day) and 83.79 ± 2.19 % (night), whereas 
average vapour pressure deficit (mbar) values were 12.62 ± 3.59 (day) and 3.96 ± 1.04 (night). 
The weekly watering schedule consisted of watering the plants every day with 200 ml of 
distilled water (to avoid salt accumulation in pots) and 240 ml of a Hoagland nutrient solution. 
When the plants were 60-day-old (when all of the plants were at the R2 stage), half of the plants 
(randomly assigned to a drought treatment by a randomized list for each variety) were exposed 
to drought conditions (with water withheld to maintained 30% of field capacity) whereas the 
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others were maintain in optimal water availability conditions (maintained at field capacity). Pot 
maximum soil volumetric water content values of fully irrigated plants were ~ 0.40 cm3 cm–3, 
whereas in the case of drought plants such values reached ~0.12 cm3 cm–3. Sample size was 
seven pots per treatment per variety. All the measurements were carried out on expanded leaves 
when all the plants were at the R5 stage and the leaf water content (LWC) at this point was in 
the following values: 80.0±0.03% LWC for control and 68±0.6% LWC for mild drought 
condition. 
 
Growth, biomass and water state measurements 
Harvested samples were dried in an oven at 60ºC for 48 h after which the dry weight 
was determined. The plants were divided into leaves, shoots and grains. The total biomass 
determination (g DW plant-1) was calculated as the sum of the leaves, shoots and seeds. The 
harvest index (HI) was obtained with the ratio of seed yield/total biomass. The leaf mass area 
(LMA, g1 DW cm-2) was measured in ten selected leaves from five different plants for each 
treatment. Leaf area was measured using digital images and ImageJ software (Schneider et al. 
2012). Plant water status was evaluated by measuring the LWC, calculated as (FW–DW)/FW, 
where FW refers to fresh weight and DW to dry weight. 
 
Gas exchange, chlorophyll fluorescence, and chlorophyll a fluorescence kinetics 
measurements 
A fully expanded developed leaf was enclosed in a Li-Cor 6400XT portable 
photosynthesis gas exchange system (Li-Cor, Lincoln, NE). The light-saturated rate of CO2 
assimilation (AN) was measured under growth light conditions (1000 µmol m-2 s-1 PPFD), with 
400 μmol s−1 air flow rate, 25ºC and 60% RH. Photosynthetic parameters were obtained using 
the equations of von Caemmerer and Farquhar (1981). Estimation of the maximum 
carboxylation velocity of Rubisco (Vcmax) was made using AN/Ci curve method of Sharkey et al. 
(2007) at saturating light conditions (1500 µmol m-2s-1). The maximal quantum efficiency of 
photosystem (PS) II (Fv/Fm) and the actual quantum efficiency of PSII photochemistry (PSII) 
were simultaneously measured with a fluorescence chamber (LFC 6400-40; Li-COR) coupled to 
the Li-Cor 6400 portable photosynthesis system. For Fv/Fm determinations, leaves were dark-
adapted for 30 min. Non-photochemical quenching (NPQ) was calculated as described by Bilger 
and Björkman (1990). Photochemical quenching (qP) was calculated according to Murchie and 
Lawson (2013). 
Measurements of chlorophyll a fast fluorescence transients (OJIP) were performed in 
soybean leaves with a FluorPen FP 100 fluorometer (Photon Systems Instruments, Brno, Czech 
Republic). This technique allows an estimation of photosynthetic performance and denotes the 
flow of energy through PSII, which is a highly sensitive signature of photosynthesis (for 
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detailed reviews, see Strasser et al. (2000) and Stirbet and Govindjee (2011)). Prior to 
measurements, leaves were dark-adapted for a night period (14 h) to allow the complete 
relaxation of oxidation of reaction centres in order to determine the minimum level of 
fluorescence (Fo). Excitation via blue light emitting diodes (455nm), optically filtered to 
provide a light intensity of 3000 µmol photons m-2 s-1 at the leaf sample, allowed to record 
fluorescence transients during 2 s at a frequency of 10 µs, 100 µs, 1 ms and 10 ms for the time 
intervals of 10-600 µs, 0.6-14 ms, 14-100 ms and 0.1-2 s, respectively. The fluorescence values 
at 40 s (Fo, step 0, all reaction centres of the PSII are open), 100 s (F100), 300 s (F300), 2ms 
(step J), 30 ms (step I) and maximal (maximum level of fluorescence, Fm, step P, closure of all 
reaction centres) were taken into consideration. Cardinal points of the OJIP curve and derived 
parameters were calculated with the Fluorpen 2.0 software, based on the theory of energy fluxes 
in biomembranes by the formulas derived from Strasser et al. (2000). In this paper we have 
considered fluorescence parameters derived from the extracted data and normalised signals as 
(i) relative variable Chl fluorescence at time J-step, Vj and at time I-step, Vi, (ii) quantum yields 
and efficiencies, (iii) and the specific fluxes per active reaction centre (RC). We have also 
analysed the performance index, PiAbs, which is the potential performance index for energy 
conservation from photons absorbed by photosystem II to the reduction of intersystem electron 
acceptors. This parameter provides a useful tool to study the responses of the photosynthetic 
apparatus under stressful conditions, allowing in vivo evaluation of plant performance in terms 
of biophysical parameters that quantify photosynthetic energy conservation (Strasser et al. 
2000). In this paper, we do not analyse the events relative to PSI (Zubek et al. 2009). The 
formulas used to calculate the above parameters plus more detailed information are provided in 
Appendix SI, Supplemental information. 
 
C and N isotope analyses (δ13C and δ15N) and content  
A fully expanded apical leaf (third or fourth apical leaf and similar to the one used for 
leaf photosynthesis measurements) was collected, dried at 60ºC for 48 h and then grinded; 1.5 
mg samples were used for total organic matter analyses, and three biological replicates were 
analysed for each sample. Determinations were conducted with an elemental analyser (EA1108, 
Series 1, Carbo Erba Instrumentazione, Milan, Italy) coupled to an isotope ratio mass 
spectrometer (Delta C, Finnigan, Mat., Bremen, Germany) operating in continuous flow mode. 
Air δ13C samples were analysed by gas chromatography (Agilent 6890 Gas Chromatograph, 
Agilent Technologies, Barcelona, Spain) coupled to a Deltaplus isotope ratio mass spectrometer 
via a GC–C Combustion III interphase (ThermoFinnigan, Thermo, Barcelona, Spain). 
The 13C/12C ratio (R) in plant material was expressed in δ notation (δ13C) with respect to Vienna 
Pee Dee Belemnite calcium carbonate (V-PDB), and measured with an analytical precision of 
0.1‰: 
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The δ13C accuracy was monitored using international secondary standards of known 
13C/12C ratios (IAEA-CH7 polyethylene foil, IAEA-CH6 sucrose and USGS-40 glutamic acid; 
IAEA, city, Austria).  
The 15N/14N ratios (R) of plant material was expressed in δ notation (δ15N) using international 
secondary standards of known 15N/14N ratios (IAEA N1 and IAEA N2 ammonium sulfate and 
IAEA NO3 potassium nitrate) referred to N2 in air, with analytical precision at about 0.2‰:  
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where: Rsample is the ratio of 15N to 14N in the sample and Rstandard is the ratio of 15N to 14N in 
the air. 
 
Free amino acid determinations by GC-MS 
Frozen leaves were ground to a fine powder in liquid nitrogen and a sub-sample was 
lyophilised. Lyophilised plant tissue (20 mg) was homogenised in 400 μl of 80% ethanol and 
mixed using a vortex, incubated at 80ºC for 1 h and centrifuged at 14 000 g and 4ºC for 10 min 
and the pellet was completely dehydrated. The pellet was re-suspended in 100 μl of milli-Q 
water, centrifuged at 14 000 g and 4ºC for 10 min and the supernatant was collected. The amino 
acid content in the supernatant was determined by HPLC (Waters Corporation, Barcelona, 
Spain) after derivatisation with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (Cohen and 
Michaud 1993). 
 
Pigments and tocopherols 
Pigments were extracted using a Tearor 985370 electric tissue homogeniser (BioSpec, 
Bartlesville, Okla., USA) with 1 ml of acetone (100%) with 0.5 g/l of CaCO3 at ≤ 4ºC using cold 
racks (IsoPack, Eppendorf IsoTherm®, Madrid, Spain) in order to avoid acid traces that might 
change pigment composition. Once homogenised, samples were centrifuged at 16 000 g for 20 
min at 4ºC and syringe-filtered through a 0.22 μm PTFE filter (Teknokroma, Barcelona, Spain). 
Extracts were injected (15 l) on a reversed-phase C18 column (Waters Spherisorb ODS1, 4.6 × 
250 mm, Milford, MA) HPLC system following the method of Garcia-Plazaola and Becerril 
(1999, 2001). The 717 plus autosampler was equipped with a thermostat, which maintains a 
constant temperature of 4°C avoiding pigment degradation or alteration. Photosynthetic 
pigments were measured with a PDA detector (Waters model 996) in the range 250-700 nm. 
Peaks were detected and integrated at 445 nm for carotenoid and chlorophyll content. Pigments 
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were identified by comparing spectral characteristics obtained by the PDA detector and 
retention times with those of standard materials (DHI, Hørsholm, Denmark). Retention times 
and conversion factors for pigments were the same as those described by García-Plazaola and 
Becerril (1999, 2001). For tocopherols, detection was carried out with a fluorescence detector 
(Waters model 474) set to λexc = 295 nm and λem = 340 nm and calibrated with tocopherol 
standards (Calbiochem, San Diego, CA). 
 
Photochemical reflectance index (PRI) 
The PRI was measured in the adaxial side of ten leaves selected for each condition from five 
different plants with a PRI-meter (PlantPen PRI 200, PSI, Brno, Czech Republic). This index 
was calculated as (Reflectance570 – Reflectance531)/(Reflectance531+Reflectance570). 
 
Starch content determination 
Lyophilised plant tissue (25 mg) was homogenised in 1ml of 80% ethanol and mixed using a 
vortex, incubated at 70ºC for 90 min and centrifuged at 14 000 g for 10 min and the pellet 
collected. The pellet was resuspended with 1 ml of 80% ethanol and mixed using a vortex and 
centrifuged at 14 000 g for 10 min and the pellet collected and dehydrated completely. The 
pellet was again resuspended in 400 μl of 0.2N KOH, then mixed and incubated at 95ºC for 90 
min, after which ~220 μl of 1N acetic acid  was added until the pH was adjusted to ~4.7 and the 
suspension was centrifuged at 14 000 g for 10 min. The supernatant was collected and subjected 
to starch analysis. Starch samples were prepared by using an amyloglucosidase-based test kit 
(Boehringer Mannheim, Germany) and determined with a spectrophotometer, measuring the 
absorbance of the samples at 340 nm. 
 
Superoxide Dismutase Activity (SOD) 
SOD activity of roots and shoots of soybean was measured in gel as described by Beauchamp 
and Fridovich (1971) and Asensio et al. (2011, 2012). Mitochondrial antioxidant manganese 
superoxide dismutase (MnSOD) isoform identification was achieved according to known 
mobility of SODs on native gels and based on the differential inhibition of SOD activity on gels 
pre-incubated with either 3 mM KCN, which inhibited the CuZnSODs, or 5 mM H2O2 for 1 h, 
which inhibited FeSOD (Asensio et al. 2012, 2011). The in-gel SOD activity assays were 
performed at least three times to ensure the consistency of the results.  
 
Statistics 
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Differences among well-watered and drought treatments were evaluated with two way Analyses 
of Variance (ANOVA) considering variety (var.) and treatment (Treat) as fixed factors. All data 
were tested for normality (Kolmogorov–Smirnof test) and homogeneity of variances (Cochran 
test) and log-transformed if necessary. When this failed to meet ANOVA assumptions, they 
were analysed using the nonparametric Mann–Whitney test. The resulting P-values were 
considered to be statistically significant at α = 0.05. Statistical analyses were performed with 
IBM SPSS Statistics for Windows, Version 24.0. (IBM Corp. Armonk, NY). Asterisks indicate 
significant differences: *P<0.05, **P<0.001, ***P<0.0001 
  
Results 
Drought induced contrasting responses in physiological and production traits between 
varieties of soybean plants. This fact is exemplified in the production traits (Table1). Seed yield 
was significantly reduced by drought in the control variety (IA3032). Although not significant, 
seed yield was also reduced in HY2 by almost 50%, in contrast with no effect of drought 
observed in HY1. In addition, drought also reduced seed yield of HYD2. Soybean biomass was 
significantly reduced in all varieties as a result of the drought treatment, with the exception of 
HY1 and HYD1. Under well-watered conditions, HY2, HYD2, and control cultivars showed the 
highest biomass accumulation. The varieties HY1, HYD1, and HYD2 showed the highest 
values of LMA under well-watered status. In general, LMA was higher in water-limited plants 
than in the well-watered ones (Table 1). 
Figures 1-4 are bisector plots that represent the relationship of the parameters under 
drought against well-watered conditions for each of the cultivars. Dotted lines represent the 
regression with slope 1, and data points above the line indicate that drought-affected plants 
showed a higher response in that parameter compared to well-watered plants. Drought 
significantly reduced the AN in all the varieties, due to stomatal closure (gs decreased under 
drought) with the correlation between both parameters being significant (r2 = 0.476; P ≤ 0.001). 
Interestingly, the HY1 variety exhibited a high AN (≈30 µmol CO2 m-2 s-1) under normal 
irrigation, and also maintained quite a high rate during drought (≈20 µmol CO2 m-2 s-1), giving 
this cultivar the highest rate of photosynthesis in both conditions (Fig. 1A). In addition, HY1 
showed the highest gs and transpiration rate (E) under drought conditions and a moderate gs 
under well-watered conditions (Fig. 1B, E). A higher intrinsic WUE under drought for all the 
varieties was found (Fig. 1C); however, HY1 showed similar WUE under both water treatments 
and had the greatest WUE in well-watered conditions. This variety also showed the highest ETR 
under drought, but the same ETR as the other varieties under well-watered conditions (Fig. 1G). 
The Vcmax did not decrease under drought, with HY1 showing the highest Vcmax under well-
watered conditions and a similar rate to HYD1 and HYD2 under drought (Fig. 1D). The 
intercellular to atmospheric ratio of the CO2 mole fraction (Ci/Ca) showed an interaction 
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between the cultivars and the water treatment, with HYD1, HYD2, and control having the 
highest Ci/Ca values under well-watered conditions, while HY1 and HY2 have the highest 
values under drought conditions (Fig. 1F). As shown in Fig. 1H, the ETR/AN data highlighted 
that while this parameter was not affected by water availability, significant differences were 
detected between varieties. Moreover, while higher ETR/AN values were detected in control and 
HY1 varieties, no water stress effects were observed in HYD1 and HYD2. On the other hand, 
the quantum efficiency of CO2 uptake (φCO2; Fig. 1I) revealed that both water treatments and 
especially variety factor significantly modified this parameter. The values for φCO2 were higher 
in well-water than in drought conditions, with HY1 having the highest values.  
The cultivars selected for their high yields under drought (HYD1 and HYD2) showed 
high Fv/Fm under this condition, which confirms their tolerance. Interestingly, not only did 
these drought-tolerant soybean plants show high values of Fv/Fm under drought, all the rest of 
the varieties (HY1, HY2, and control) also had high Fv/Fm values, which indicates no down-
regulation of PSII (Fig 2A). The variety HY1 showed a high photochemical yield of PSII 
(ΔF´/Fm´; Fig 2B) and high qP (Fig. 2D) under drought, but also the lowest ΔF´/Fm´ and NPQ 
values under well-watered conditions (Fig. 2B, C). Differences in the way that varieties respond 
to drought were revealed by parameters derived after further analysis of the OJIP curves, such 
as the relative variable chlorophyll fluorescence at 30ms (Vi). This parameter showed lower 
values under drought for HY1 and HYD2. The quantum yield for energy dissipation (φDo) was 
higher under drought for HY1, HY2 and control varieties. The parameter PiAbs was significantly 
reduced under drought in HY2 and the control. Interestingly, both HYD1 and HYD2 showed 
low PiAbs under well-watered conditions (Table 2). Regarding the C and N isotope analyses, 
drought increased δ13C and δ15N significantly in all the cultivars without any differences 
between cultivars (Fig. 3A, B).  
In the case of free amino acids in the leaves, many of them did not vary significantly 
between water treatments or among cultivars (Asp, Asn, Glu, Gln, Ser, Met, Arg; Table 3). 
However, Ala was the most affected amino acid under drought treatment. Proline had 
significantly higher values under drought only in HY2, due to the interaction between genotype 
and drought treatment. Some of the amino acid contents were affected by the interaction 
between water treatment and variety. For example, under drought conditions, the cultivar HY2 
showed high Gly, Tyr, Val, Ile, and His values, whereas HY1 showed lower values of Ala, Lys, 
and GABA.  
Total chlorophyll content in leaves (Chl a+b) decreased in all the varieties under the 
shortage of water, with the exception of HYD2 (Fig. 4A). The ratio of Chl a/b showed 
significant differences between treatment and varieties, the ratio being highest in HY1 and 
HYD2 under well-watered conditions and lowest under drought in the same varieties. In 
contrast, HYD1 showed one of the lowest ratios of chlorophyll a to b (Chl a/b) values under 
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well-watered conditions, but the highest ratio in the drought treatment (Fig. 4B). The total 
xanthophyll pool size on a chlorophyll basis (V+A+Z) was significantly enhanced in drought in 
HYD1 due to the interaction of the water treatment and variety assayed (Fig 4C). In addition, 
the lutein (Lut) pool size on a chlorophyll basis, which is the most stable carotenoid, also 
showed an increase in all the varieties under drought, except for HYD1 (Fig 4D). The total 
carotenoid pool size on a chlorophyll basis (TCar) also increased under drought for all the 
varieties, except for HY2 (Fig 4E). Drought increased the total tocopherol levels on a 
chlorophyll basis (TToc, mainly α-tocopherol) in all cultivars with the exception of HY2. In 
addition, the control cultivar (IA3032) showed the lowest tocopherol content in both treatments 
(Fig. 4F).  
Figure 5 summarises the biomass, physiological and biochemical strategies of each of the 
varieties under drought in relation to well-watered conditions (value 1). Deviation from value 1 
indicates the impact of drought on the parameters, with values lower than 1 negatively affecting 
a given parameter, and with values higher than 1 positively affecting that given parameter. For 
example, the control variety response (green line) involved increased LMA, starch, WUE, and 
TToc, with a parallel decrease in seed yield, AN, and PiAbs. A similar strategy seems to apply for 
HYD2, but with higher Vcmax, total amino acid pool, V+A+Z, and an increase in PiAbs. On the 
other hand, HYD1 showed an enhancement of seed yield, Vcmax, NPQ, starch, and V+A+Z (and 
therefore PRI, whose value was quite high). Surprisingly, HY1 showed an increased yield under 
drought that was accompanied by increases in the isoenzyme MnSOD alongside increased E, 
NPQ, WUE, and TToc. The variety HY2 showed a reduction in yield with an increase in WUE, 
total amino acid, and PRI (Fig. 5). 
 
Discussion  
Leaf traits adjustments to drought 
Within the context of current and near future global climate change, selection of 
drought-tolerant varieties and understanding the physiological mechanisms that underpin this 
tolerance is gaining prominence (Beebe et al. 2013, Blum 2005, Chaves et al. 2009). The 
current study provides an integrated characterisation of water shortage on traits, including gas 
exchange, fluorescence, growth and biochemical analyses. One of the anatomical traits that 
were affected by drought was LMA, which reflects photosynthesis adaptation to the prevailing 
environmental conditions (Tosens et al. 2012) and it is closely linked to climate parameters 
(Wright et al. 2004). In response to drought, leaves with higher LMA are produced (more robust 
leaves probably due to the thickening of cuticles and an epidermis with more tightly packed 
mesophyll cells; Galmés et al. 2011, Poorter et al. 2009), as exemplify by cultivars showing 
high yields under drought (HYD1, HYD2) which tended to have an increased LMA tended to 
increase when water availability decreased. This trait was also significant in the control soybean 
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variety, which could indicate acclimation to a smaller transpiration surface (Poorter et al. 2009). 
Indeed, the obtained data revealed that drought decreased CO2 assimilation as a consequence of 
the stomatal closure (gs lower values; Fig. 1), which in turn decreased the available internal 
CO2. This reduction on internal [CO2] pushed the plant to fix any available CO2 molecule 
leading to an enrichment in 13C under drought conditions. However, the varieties HY1, HYD1, 
and HYD2 showed high AN, without showing a stronger stomatal response, which was also 
confirmed by the lack of a variety effect on δ13C. According to previous publications, the lack of 
variety effect on δ13C, may indicate that the studied varieties did not differ in WUE (Ehleringer 
1990, Farquhar et al. 1989). However, the data regarding instantaneous WUE (the ratio between 
AN and gs) showed variety variation. This discrepancy between δ13C, that estimates the whole 
plant WUE, and instantaneous WUE has been reported before in several plant species (Fullana-
Pericàs et al. 2017, Medrano et al. 2015), and it can be linked to the fact that, in gas exchange 
measurements, instantaneous WUE only represents the fitness of the plant in a short window of 
time. Meanwhile, the δ13C signature is able to integrate the plant's fitness and its relation with 
the environment from the moment that the plant starts photosynthesizing until the time of the 
sampling (Araus et al. 2003, 2002). Therefore, in this study, we can conclude that drought 
increased WUE, but that there were no differences in WUE between the varieties. 
On the other hand, although AN and biomass decreased in most of the varieties, the 
drought treatment only affected the Fv/Fm values slightly (Fig. 2), indicating a lack of 
alterations in fluorescence parameters associated with PSII activity and no down-regulation of 
photochemistry. This lack of effect has been repeatedly associated with drought (Flexas et al. 
2012). Besides, no significant changes were observed in the energy dissipated as heat under 
either of the conditions. Only HY1 demonstrated a significant increase in the proportion of 
energy utilised by the photochemical reactions driving photosynthesis. A detailed analysis of the 
kinetic transients of chlorophyll a fluorescence using the PiAbs parameter (integrating the density 
of the reactive RC per PSII antenna chlorophyll, the maximal quantum yield of PSII, and the 
electron transport beyond QA; Strasser et al. 2000) showed lower values for HY2 and control 
varieties under drought. This indicates that HY1, HYD1, and HYD2, which maintains similar 
PiAbs under both treatments, had a similar dose-dependent improvement in energy conservation 
from absorbed photons to reduction under both well-watered conditions and drought (Table 2).  
Metabolic adjustments to drought 
In the context of plant acclimation to stressful growth conditions, previous studies have 
shown the relevance of multiple feedback processes between chloroplast metabolism and factors 
such as leaf carbohydrate at the whole plant level (Demmig-Adams et al. 2014). Within this 
context, our study showed that drought stress lowered the amount of carbohydrates accumulated 
in leaves during vegetative growth (Marcaida et al. 2014). In contrast, we found that starch 
increased in all the varieties under drought (Fig. 5), which indicates more stored carbohydrates. 
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The current data support the fact that plants might favour carbohydrate biosynthesis and storage 
metabolism of reserves (including starch) and repress the processes associated with 
photosynthesis and reserve mobilisation (Ho et al. 2001). Under drought, metabolites such as 
proline and other compounds play important roles in increasing osmotic balance and 
maintaining cell turgor, which are fundamental physiological traits for reducing the negative 
effects of drought (Aranjuelo et al. 2011). Indeed, proline is the amino acid that is usually 
accumulated under such situations (Shaw and Hossain 2013) and serves as an indicator of stress 
tolerance (Claussen 2005). However, in our study and also observed by Silvente et al. (2012), 
drought did not trigger proline synthesis (with the exception of HY2 under drought; Table 3). 
This suggests that this variety may have an early response to water withholding, being more 
sensitive to drought than the other varieties. The drought has been described as reducing the 
total Chl a+b pool (Esteban et al. 2015), which occurred for all the varieties with the exception 
of HYD2, demonstrating its tolerance. Interestingly, the ratio Chl a/b increased under drought in 
the other high yielding variety, HYD1. As both the PSI and PSII reaction centers are devoid of 
Chl b, the Chl a/b ratio reflects the reduction in the size of light harvesting complex II (Evans 
1988). This ratio responds substantially to changes in the environment as a result of changes in 
the structure of the PS (Anderson et al. 2008). Therefore, this supports the fact that this variety 
adjusted its photosynthetic apparatus and acclimated to the condition of water shortage. All the 
varieties, with the exception of the control one (IA3032), showed higher total tocopherol 
contents (mainly due to α-tocopherol) both in drought and the well-watered state. Higher α-
tocopherol contents have been correlated with higher tolerance to drought (Munné-Bosch 2005; 
Fig. 4). The HYD1 variety also showed an increase in the total V+A+Z pool. The rest of the 
varieties increased their total Lut pools. Interestingly, the V+A+Z pigments and Lut are 
involved in the regulation of thermal energy dissipation (Li et al. 2009), indicating that there is 
greater photoprotective demand under this scenario of water scarcity. Interestingly, alongside its 
high V+A+Z, HYD1 also showed a higher PRI index under drought (Fig. 5), which is additional 
evidence of an enhanced photoprotective pool. Lastly, Fig. 5 is a spider plot that includes the 
main variables and traits measured for each of the varieties. It summarises the strategy for each 
of the varieties under drought, indicating that the high yielding varieties, HYD1 and HYD2, 
tolerate drought.  
The strategy for the high yield capacity of HY1 variety 
Our studies have shown that drought negatively affected grain yield in all the genotypes 
except HY1 (NE3001; Table 1). This genotype has been described as an elite material selected 
for its high-yielding performance in yield potential conditions (Graef et al. 2009). Our data also 
highlights the fact that HY1 can be identified as tolerant to water shortages under greenhouse 
conditions. Indeed, HY1 showed the highest photosynthesis rates under both water availability 
conditions, explaining in part the reasons for its higher yields. However, if HY1 does not 
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increase its stomatal opening to fix more carbon, how can we explain its higher photosynthetic 
rates reflected by its higher AN and the same Vcmax as the HDY varieties? One explanation could 
be that the high-yielding varieties under well-watered conditions did not show an increase in 
LMA, and showed lower values under these conditions than the varieties that produce more 
under drought (Table 1). This aspect is worth noting because lower LMA has been related to 
higher mesophyll conductance in several crops (Flexas et al. 2008, Galmés et al. 2011, 
Niinemets et al. 2009). If HY1 had higher mesophyll conductance, because its gs is the same as 
the HYD, its mesophyll conductance/gs ratio would be increased. An increased mesophyll 
conductance/gs, has been demonstrated to increase transpiration efficiency under drought 
without a negative impact on carboxylation (Barbour et al. 2010, Galmés et al. 2011b); 
therefore, this could explain the higher photosynthetic rates observed in HY1 under drought.   
Growth parameters (Table 1) also reveal that part of the high yield capacity of HY1 
under drought is due to its high HI. Harvest index (HI), defined as the weight of seed divided by 
the total weight of above ground biomass, is an indicator of the amount of biomass that is 
derived from the reproductive biomass relative to the total biomass. Similar to observations in 
other crops, the fact that HY1 had a high HI is an indicator of this variety having favouring 
conditions to tolerate drought, due to its capacity to accumulate biomass in the vegetative 
period, and later under drought, to remobilise this biomass for seed formation (Beebe et al. 
2013, Polania et al. 2016, Polania et al. 2016). Interestingly, we found an increase in leaves of 
the manganese superoxide dismutases (MnSOD) for the variety HY1 (Fig. 5; with no changes 
for the rest of SODs), indicating no oxidative stress in any of the SOD´s locations; Alscher et al. 
2002). MnSOD is a constitutive antioxidant enzyme in mitochondria, and it can vary between 
species and varieties, but in general, it is quite stable under environmental stresses (Asensio et 
al. 2012). MnSOD was found to increase in senescent roots in soybean plants (Asensio et al. 
2012), indicating that an increase in MnSOD could be an aging symptom. This is in accordance 
with the data obtained for the variety HY1, which may initiate drought-induced senescence. 
 
Conclusion 
The objective of this study was to determine the effects of drought on five NAM parent 
cultivars of soybean in order to determine traits for selecting cultivars with greater drought 
tolerance. Overall, we found that the effects of drought on the yield, photosynthetic parameters, 
and biochemical traits varied greatly depending on the variety and treatment. In general, the data 
demonstrated that high-yielding varieties were able to cope with drought via a number of plant 
defence mechanisms (larger xanthophyll and antioxidant pools) and investing in growth (LMA) 
and productivity, all associated with a higher intrinsic WUE. Besides, the HY1 variety (N3001) 
was found to be more tolerant to drought than was previously thought, showing high yield and 
WUE under drought conditions. Its tolerance strategy involves transitioning to reproductive 
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stages faster (shorter life and flowering cycle) to avoid the drought period. Indeed, the increase 
in seed yield (Table 1) and the higher activity of MnSOD (Fig. 5) suggest that this variety has 
better allocation and partitioning of assimilates to developing seeds, a response well 
documented in crop plants such as cereals (Bruce et al. 2002), and it may initiate drought-
induced senescence (Asensio et al. 2012). Field experiments will be needed to confirm this data. 
 
Author contributions 
J.B., A.S.S., I.A., and R.E. conceived the experiments; A.S.S. selected the soybean seed 
cultivars; R.E., J.B., and I.A. performed the experiments; R.E. also supervised the whole project 
and wrote the manuscript; I.A. gave experimental advice and conceived and supervised the 
whole project. All the authors interpreted the data and contributed to drafting the manuscript. 
 
Acknowledgments – This work was supported by grants from the Spanish Ministry of Science 
and Innovation (AGL2014-52396) and from the Basque Government (UPV/EHU-GV IT-1018-
16; IT-932-16). JB is a holder of a PhD fellowship from the Public University of Navarre. RE 
received a Juan de la Cierva-incorporación grant (IJCI-2014-21452). We thank Drs. Inmaculada 
Farran and Jon Veramendi for providing the FluorPen FP 100 and García-Plazaola JI and 
Becerril JM for providing the PRI-meter and HPLC facilities. We acknowledge MJ Villafranca 
and Gustavo Garijo for technical assistance.  
 
References  
Abney TS, Crochet WD (2009) “The Uniform Soybean Tests: Northern States 2009”. Uniform 
Soybean Tests Northern Region. Paper 71. Available at https://docs.lib.purdue.edu/ars/71/ 
(accessed 2018.10.08) 
Alscher RG, Erturk N, Heath LS (2002) Role of superoxide dismutases (SODs) in controlling 
oxidative stress in plants. J Exp Bot 53: 1331–1341  
Anderson JM, Chow WS, De Las Rivas J (2008) Dynamic flexibility in the structure and 
function of photosystem II in higher plant thylakoid membranes: the grana enigma. 
Photosynth Res 98: 575–587 
Aranjuelo I, Molero G, Erice G, Avice JC, Nogués S (2011) Plant physiology and proteomics 
reveals the leaf response to drought in alfalfa (Medicago sativa L) J Exp Bot 62: 111–123  
Araus JL, Slafer GA, Reynolds MP, Royo C (2002)  Plant breeding and drought in C3 cereals: 
what should we breed for?. Ann Bot 89: 925–940  
Araus JL, Villegas D, Aparicio N, Garcı LF, Hani S, El Rharrabti Y, Ferrio JP, Royo C (2003) 
Environmental dactors determining carbon isotope discrimination and yield in durum 
wheat under Mediterranean conditions. Crop Sci 43: 170–180 
Arocho JP (2017) High and low yielding soybean lines from an irrigated selection environment: 
16 
 
Performance evaluation in irrigated and droughted environments. Ph Thesis. ETD 
collection for University of Nebraska - Lincoln 
Asensio AC, Gil-Monreal M, Pires L, Gogorcena Y, Aparicio-Tejo PM, Moran JF, (2012) Two 
Fe-superoxide dismutase families respond differently to stress and senescence in legumes. 
J Plant Physiol 169: 1253–1260  
Asensio AC, Marino D, James EK, Ariz I, Arrese-Igor C, Aparicio-Tejo PM, Arredondo-Peter 
R, Moran JF (2011) Expression and localization of a Rhizobium-derived cambialistic 
superoxide dismutase in pea (Pisum sativum) nodules subjected to oxidative stress. Mol 
Plant Microbe Interact 24: 1247–57  
Barbour MM, Warren CR, Farquhar GD, Forrester G, Brown H (2010) Variability in mesophyll 
conductance between barley genotypes, and effects on transpiration efficiency and carbon 
isotope discrimination. Plant Cell Environ 33: 1176–1185  
Beauchamp C, Fridovich I (1971) Superoxide dismutase: Improved assays and an assay 
applicable to acrylamide gels. Anal Biochem 44: 276–287  
Beebe SE, Rao IM, Blair MW, Acosta-Gallegos JA (2013) Phenotyping common beans for 
adaptation to drought. Front Physiol 4: 35  
Bilger W, Björkman O (1990) Role of the xanthophyll cycle in photoprotection elucidated by 
measurements of light-induced absorbance changes, fluorescence and photosynthesis in 
leaves of Hedera canariensis. Photosynth Res 25: 173–185  
Blum A (2005) Drought resistance, water-use efficiency, and yield potential—are they 
compatible, dissonant, or mutually exclusive?. Aust J Agric Res 56: 1159–1168  
Brown EA, Caviness CE, Brown DA (1985) Response of Selected Soybean Cultivars to Soil 
Moisture Deficit. Agron J 7: 274  
Bruce WB, Edmeades GO, Barker TC (2002) Molecular and physiological approaches to maize 
improvement for drought tolerance. J Exp Bot 53: 13–25 
Chaves MM, Flexas J, Pinheiro C (2009) Photosynthesis under drought and salt stress: 
regulation mechanisms from whole plant to cell Ann Bot 103: 551–60  
Claussen, W (2005) Proline as a measure of stress in tomato plants Plant Sci 168: 241–248  
Cohen SA, Michaud DP (1993) Synthesis of a Fluorescent Derivatizing Reagent, 6-
Aminoquinolyl-N-Hydroxysuccinimidyl Carbamate, and Its Application for the Analysis 
of Hydrolysate Amino Acids via High-Performance Liquid Chromatography. Anal 
Biochem 211: 279–287  
Dai, A (2013) Increasing drought under global warming in observations and models. Nat Clim 
Chang 3: 52–58  
Demmig-Adams B, Stewart JJ, Adams WW (2014) Multiple feedbacks between chloroplast and 
whole plant in the context of plant adaptation and acclimation to the environment. Philos 
Trans R Soc B Biol Sci 369: 20130244  
17 
 
Desclaux D, Huynh TT, Roumet P (2000) Identification of soybean plant characteristics that 
indicate the timing of drought stress. Crop Sci 40: 716–722  
Eck H V, Mathers AC, Musick JT (1987) Plant water stress at various growth stages and growth 
and yield of soybeans. F Crop Res 17: 1–16  
Ehleringer JR (1990) Correlations between Carbon Isotope Discrimination and Leaf 
Conductance to Water Vapor in Common Beans. Plant Physiol 93: 1422–1425  
El-Sharkawy MA, De Tafur SM (2007) Genotypic and within canopy variation in leaf carbon 
isotope discrimination and its relation to short-term leaf gas exchange characteristics in 
cassava grown under rain-fed conditions in the tropics Photosynthetica 45: 515–526  
Escalona JM, Fuentes S, Tomás M, Martorell S, Flexas J, Medrano H (2013) Responses of leaf 
night transpiration to drought stress in Vitis vinifera. L Agric Water Manag 118: 50–58  
Esteban R, Barrutia O, Artetxe U, Fernández-Marín B, Hernández A, García-Plazaola JI (2015) 
Internal and external factors affecting photosynthetic pigment composition in plants: A 
meta-analytical approach. New Phytol 206: 268–280  
Evans, J (1988) Acclimation by the Thylakoid Membranes to Growth Irradiance and the 
Partitioning of Nitrogen Between Soluble and Thylakoid Proteins Aust J Plant Physiol 15: 
93  
FAOSTAT [WWW Document] (2016)  URL http://wwwfaoorg/land-water/databases-and-
software/crop-information/soybean/en/ (accessed 5718) 
Farooq M, Hussain M, Wahid A, Siddique KHM (2012) Drought Stress in Plants: An Overview 
Plant Responses to Drought Stress. In: Aroca R. (ed). Plant Responses to Drought Stress. 
Springer, Berlin, Heidelberg, pp. 1-34. 
 Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope discrimination and 
photosynthesis. Annu Rev Plant Physiol Plant Mol Biol 40: 503–537  
Flexas J, Gallé A, Galmés J, Ribas-Carbo M, Medrano H (2012) The Response of 
Photosynthesis to Soil Water Stress, in: Plant Responses to Drought Stress. Springer 
Berlin Heidelberg, Berlin, Heidelberg, pp 129–144  
Flexas J, Ribas-Carbó M, Diaz-Espejo A, Galmés J, Medrano H (2008) Mesophyll conductance 
to CO2: Current knowledge and future prospects. Plant Cell Environ 31: 602–621 
Fullana-Pericàs M, Conesa MÀ, Soler S, Ribas-Carbó M, Granell A, Galmés, J (2017) 
Variations of leaf morphology, photosynthetic traits and water-use efficiency in Western-
Mediterranean tomato landraces. Photosynthetica 55: 121–133  
Galmés J, Conesa MA, Ochogavía JM, Perdomo JA, Francis DM, Ribas-Carbó M, Savé R, 
Flexas J, Medrano H, Cifre J (2011) Physiological and morphological adaptations in 
relation to water use efficiency in Mediterranean accessions of Solanum lycopersicum. 
Plant Cell Environ 34: 245–260  
Garcia-Plazaola JI, Becerril JM (1999) A rapid high performance liquid chromatography 
18 
 
method to measure lipophilic antioxidantsin stressed plants: Simultaneous determination 
of carotenoids and tocopherols. Phytochem Anal 10: 307–313 
García-Plazaola JI, Becerril JM (2001) Seasonal changes in photosynthetic pigments and 
antioxidants in beech (Fagus sylvatica) in a Mediterranean climate: implications for tree 
decline diagnosis. Funct Plant Biol 28: 225  
Gilbert ME, Zwieniecki MA, Holbrook NM (2011) Independent variation in photosynthetic 
capacity and stomatal conductance leads to differences in intrinsic water use efficiency in 
11 soybean genotypes before and during mild drought. J Exp Bot 62: 2875–2887 
Graef G, LaValle, BJ, Tenopir P, Tat M, Schweiger B, Kinney AJ, Van Gerpen JH, Clemente 
TE (2009) A high-oleic-acid and low-palmitic-acid soybean: agronomic performance and 
evaluation as a feedstock for biodiesel. Plant Biotechnol J 7: 411–421  
Ho S-L, Chao Y-C, Tong W-F, Yu S-M (2001) Sugar coordinately and differentially regulates 
growth- and stress-related gene expression via a complex signal transduction network and 
multiple control mechanisms. Plant Physiol 125: 877–890  
Hoogenboom G, Huck MG, Peterson CM (1987) Root growth rate of soybean as affected by 
drought stress. Agron J 79: 607–614  
Hossain MM, Liu X, Qi X, Lam HM, Zhang J (2014) Differences between soybean genotypes 
in physiological response to sequential soil drying and rewetting. Crop J 2: 366–380  
Jahns P, Holzwarth AR (2012) The role of the xanthophyll cycle and of lutein in 
photoprotection of photosystem II. Biochim Biophys Acta - Bioenerg 1817: 182–193  
Kron AP, Souza GM, Ribeiro RV (2008) Water deficiency at different developmental stages of 
Glycine max can improve drought tolerance Bragantia 67: 43–49  
Lee GJ, Boerma HR, Villagarcia MR, Zhou X, Carter TE, Li Z, Gibbs MO (2004) A major QTL 
conditioning salt tolerance in S-100 soybean and descendent cultivars. Theor Appl Genet 
109: 1610–1619  
Lee S, Jun TH, Michel AP, Rouf Mian MA (2015) SNP markers linked to QTL conditioning 
plant height, lodging, and maturity in soybean. Euphytica 203: 521–532 
Li Z, Ahn TK, Avenson TJ, Ballottari M, Cruz JA, Kramer DM, Bassi R, Fleming GR, Keasling 
JD, Niyogi KK (2009) Lutein accumulation in the absence of zeaxanthin restores 
nonphotochemical quenching in the Arabidopsis thaliana npq1 Mutant. Plant cell 21: 
1798–1812  
Marcaida M, Li T, Angeles O, Evangelista GK, Fontanilla MA, Xu J, Gao Y, Li Z, Ali J (2014) 
Biomass accumulation and partitioning of newly developed Green Super Rice (GSR) 
cultivars under drought stress during the reproductive stage. F Crop Res 162: 30–38  
Medrano H, Tomás M, Martorell S, Flexas J, Hernández E, Rosselló J, Pou A, Escalona JM, 
Bota J (2015) From leaf to whole-plant water use efficiency (WUE) in complex canopies: 
Limitations of leaf WUE as a selection target. Crop J 3: 220–228  
19 
 
Munné-Bosch S (2005) The role of alpha-tocopherol in plant stress tolerance. J Plant Physiol 
162: 743–8 
Murchie EH, Lawson T (2013) Chlorophyll fluorescence analysis: A guide to good practice and 
understanding some new applications. J Exp Bot 64: 3983–3998  
Niinemets Ü, Díaz-Espejo A, Flexas J, Galmés J, Warren CR (2009) Role of mesophyll 
diffusion conductance in constraining potential photosynthetic productivity in the field. J 
Exp Bot 60: 2249–2270  
Palomeque L, Li-Jun L, Li W, Hedges B, Cober ER, Rajcan I (2009) QTL in mega-
environments: I Universal and specific seed yield QTL detected in a population derived 
from a cross of high-yielding adapted×yigh-yielding exotic soybean lines. Theor Appl 
Genet 119: 417–427  
Pingali P (2012) Green Revolution:Impacts, Limits, and the path ahead. Proc Natl Acad Sci 
USA 109: 12302–12308 
Pinheiro C, Chaves MM (2011) Photosynthesis and drought: can we make metabolic 
connections from available data?. J Exp Bot 62: 869–882  
Polania J, Rao IM, Cajiao C, Rivera M, Raatz B, Beebe S (2016) Physiological traits associated 
with drought resistance in Andean and Mesoamerican genotypes of common bean 
(Phaseolus vulgaris L). Euphytica 210: 17–29  
Polania JA, Poschenrieder C, Beebe S, Rao IM (2016) Effective use of water and increased dry 
matter partitioned to grain contribute to yield of common bean improved for drought 
resistance. Front Plant Sci 7: 660  
Poorter H, Niinemets Ü, Poorter L, Wright IJ, Villar R, (2009a) Causes and consequences of 
variation in leaf mass per area (LMA): A meta-analysis. New Phytol 182: 565–588 
Prince SJ, Murphy M, Mutava RN, Durnell LA, Valliyodan B, Grover Shannon J, Nguyen HT 
(2017) Root xylem plasticity to improve water use and yield in water-stressed soybean. J 
Exp Bot 68: 2027–2036  
Rafalski JA (2010) Association genetics in crop improvement Curr Opin Plant Biol 13: 174–180  
Schneider CA, Rasband WS, Eliceiri KW (2012). NIH Image to ImageJ: 25 years of image 
analysis. Nature Methods 9: 671–675.  
Sharkey TD, Bernacchi CJ, Farquhar GD, Singsaas EL (2007) Fitting photosynthetic carbon 
dioxide response curves for C3 leaves. Plant Cell Environ 30: 1035–1040  
Shaw AK, Hossain Z (2013) Impact of nano-CuO stress on rice (Oryza sativa L.) seedlings. 
Chemosphere 93: 906–915  
Silvente S, Sobolev AP, Lara M (2012) Metabolite adjustments in drought tolerant and sensitive 
soybean genotypes in response to water stress. PLoS One 7: e38554  
Song Q, Yan L, Quigley C, Jordan BD, Fickus E, Schroeder S, Song B-H, Charles An Y-Q, 
Hyten D, Nelson R, Rainey K, Beavis WD, Specht J, Diers B, Cregan P (2017) Genetic 
20 
 
characterization of the soybean nested association mapping. Population Plant Genome 10 
Stirbet A, Govindjee (2011) On the relation between the Kautsky effect (chlorophyll a 
fluorescence induction) and Photosystem II: Basics and applications of the OJIP 
fluorescence transient. J Photochem Photobiol B Biol 104: 236–257  
Strasser RJ, Srivastava A, Tsimilli-Michael M (2000) The fluorescence transient as a tool to 
characterize and screen photosynthetic samples. In: Yunus M, Pathre U, and Mohanty P 
(eds) Probing Photosynthesis: Mechanism, Regulation and Adaptation, Taylor and Francis, 
London, pp443–448. 
Von Caemmerer S, Farquhar GD (1981) Some relationships between the biochemistry of 
photosynthesis and the gas exchange of leaves. Planta 153: 376–387  
Winer BJ, Brown DR, MK, 1991 Statistical principles in experimental design. 3rd ed New 
York:McGraw-Hill 
Yu J, Buckler ES (2006) Genetic association mapping and genome organization of maize. Curr 
Opin Biotechnol 17: 155–160  
Yu J, Holland JB, McMullen MD, Buckler ES (2008) Genetic Design and Statistical Power of 
Nested Association Mapping in Maize. Genetics 178: 539–551  
Zubek S, Turnau K, Tsimilli-Michael M, Strasser RJ (2009) Response of endangered plant 
species to inoculation with arbuscular mycorrhizal fungi and soil bacteria. Mycorrhiza 19: 
113–123  
  
Supporting information 
Additional supporting information may be found in the online version of this article: 
Appendix S1. Definition of terms and formulae of the OJIP-test parameters used for analysis of 
the chlorophyll a fluorescence transients in Table 2 and Fig. 5 following the formulas of 
Strasser et al. (2000, 2004) 
21 
 
Figures 
 
 
Fig. 1. Bisector plots representing the relationship of gas exchange parameters under drought 
and well-watered conditions in soybean cultivars. (A) net CO2 assimilation (AN, mol CO2 m-2s-
1), (B) stomatal conductance (gs mol m-2s-1), (C) intrinsic water use efficiency (WUE, mmol m-2 
s-1), (D) the maximum rate of rubisco carboxylase activity (Vcmax, mol CO2 m-2s-1), (E) 
transpiration (E, mmol m-2 s-1), (F) the intercellular to atmospheric ratio of the CO2 mole 
fraction (Ci/Ca,), (G) electron transport rate (ETR; mol e m-2s-1), (H) ETR/An, (I) quantum 
efficiency of CO2 uptake (φCO2). Data are presented as the mean for each of the varieties ± SE 
(n=4). Dotted lines represent the regression with slope 1 (y=x). Data points above the line 
indicate that the parameter was more affected by drought compared to well-watered conditions. 
Inside panels indicate the analysis of variance of the effects of treatment and variety. In order to 
standardise variances, one datum was replaced by the mean of the group and 1 degree of 
freedom was subtracted from the residual (Winer BJ, Brown DR, 1991). 
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Fig. 2. Bisector plots representing the relationship of fluorescence parameters under drought and 
well-watered conditions in soybean cultivars. (A) maximal quantum efficiency (Fv/Fm), (B) 
fluorescence-based photochemical yield of photosystem IIF´/Fm’), (C) non-photochemical 
quenching (NPQ) and (D) chemical quenching (qP). Dotted lines represent the regression with 
slope 1 (y=x). Data are presented as the mean for each of the varieties ± SE (n=4-6). Data points 
above the line indicate that the parameter was more affected by drought compared to well-
watered conditions. Inside panels indicate the analysis of variance of the effects of treatment 
and variety. NPQ errors are smaller than the symbols. 
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Fig. 3. Bisector plots representing the relationship of isotopic signature under drought and well-
watered conditions in soybean cultivars. (A) carbon isotope composition (13C, ‰) and (B) 
nitrogen isotope composition (15N, ‰). Dotted lines represent the regression with slope 1 
(y=x). Data are presented as the mean for each of the varieties ± SE (n=4). Data points above 
the line indicate that the parameter was more affected by drought compared to well-watered 
conditions. Inside panels indicate the analysis of variance of the effects of treatment and variety. 
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Fig. 4. Bisector plots representing the relationship of pigments and tocopherols under drought 
and well-watered conditions in soybean cultivars. (A) total chlorophylls (Chl a+b, mg g-1 FW), 
(B) the ratio of chlorophyll a to b (Chl a/b), (C) total xanthophyll pigments (V+A+Z, mmol mol-
1 Chl), (D) lutein content (L, mmol mol-1 Chl), (E) total carotenoids (TCar, mmol mol-1 Chl) and 
(F) total tocopherols (TCar, mmol mol-1 Chl). Dotted lines represent the regression with slope 1 
(y=x). Data are presented as the mean for each of the varieties ± SE (n=5). Inside panels 
indicate the analysis of variance of the effects of treatment and variety.   
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Fig. 5. Spiderplot showing the effect on the main parameters measured: net CO2 assimilation 
(AN), stomatal conductance (gs), water use efficiency (WUE), electro transport rate (ETR), the 
maximum rate of rubisco carboxylase activity (VCmax), transpiration rate (E), photochemical 
quenching (qP), non photochemical quenching (NPQ), starch, performance index (PiAbs), total 
xanthophyll pigments (V+A+Z), total carotenoids (TCar), the photochemical reflectance index 
(PRI) and mitochondrial antioxidant manganese superoxide dismutase (MnSOD). All the data 
were normalised to their respective controls under well-watered conditions. Thus, value 1 
indicates the control values, while the deviation from 1 indicates the impact of drought on the 
parameters analysed. SE is not shown for clarity but was <10% of the means in all cases.  
Table 1. Seed yield, biomass, harvest index (HI), leaf mass area (LMA) in the five varieties (HY1, HY2, HYD1, HYD2, Control) under well-watered and drought. Data are 
means ± SE (n=4-10) (A). Two-way analysis of variance (ANOVA) for the effects of variety (Var.) and water treatment (Treat.), with their interaction factor (Var.×Treat.) on 
production traits, with between- and within-subject factors carried out to assess statistical significance of mean differences is shown. *P<0.05; **P<0.001; ***P<0.0001; n.s., 
not significant (B). Different letters denote statistically significant differences at =0.05 after Student–Newman–Keul test. 
 
 
A 
Var./ 
Trait. 
Seed yield 
(g FW plant-1) 
Biomass  
(g DW plant-1) 
HI 
 
LMA 
(g1 DW cm-2) 
WW D WW D WW D WW D  
HY1 17.1±2.2ab 21.9±3.7a 40.1±2.2bc  27.0±3.6c 0.42±0.04b 0.73±0.10a 305.1±11.4ab  292.3±14.6ab  
HY2 15.5±1.4ab 8.8±1.9b 58.5±6.3ab 29.1±4.3c 0.27±0.05bc 0.30±0.03bc 252.2±11.9bc  256.9±8.8abc  
HYD1 11.7±1.8b 12.9±1.9ab 40.9±4.8bc 40.1±3.4bc 0.29±0.01bc 0.31±0.03b 280.7±10.8abc  314.5±22.5ab  
HYD2 17.1±2.0a 10.1±1.8b 60.8±8.0a 32.2±1.6c 0.33±0.04b 0.29±0.05bc 276.2±7.4abc  317.8±27.0a  
Control 15.4±1.4ab 1.4±0.5c 53.6±0.8ab 20.7±3.1c 0.30±0.03bc 0.09±0.05c 224.7±6.0c  285.9±6.3ab  
 
 
 
 
 
 
 
 
B d.f. Fseed 
yield 
Sig
. 
seed 
yield 
F Biomass Sig. Biomass F HI Sig. HI F LMA Sig. LMA 
Var 4 4.15 * 2.71 * 17.6 *** 5.37 ** 
Treat 1 6.20 * 51.08 ** 0.54 ns 7.98 * 
Var*Treat 4 3.88 * 4.27 ** 7.48 *** 2.14 n.s. 
Table 2. Numerical values for fluorescence parameters derived from the chlorophyll a fast florescence transient in leaves of soybean varieties: (i) normalized data as Vj and 
Vi, (ii) quantum yields and flux ratios as Po, o, Eo, (iii) performance index (Pi_Abs) and (iv) specific energy fluxes per QA-reducing photosystem II centers as ABS/RC, 
TR0/RC, ET0/RC, DI0/RC. Definitions and formulae are given in materials and methods and in the Appendix SI. Values are means ± SE from independent measurements 
(n=4). Two-way analysis of variance (ANOVA) for the effects of variety (Var.) and water treatment (Treat.), with their interaction factor (Var.×Treat.) on production traits, 
with between- and within-subject factors carried out to assess statistical significance of mean differences is shown. *P<0.05; **P<0.001; ***P<0.0001; n.s., not significant. 
Different letters denote statistically significant differences at α=0.05 after Student–Newman–Keul test. No letters indicate no significant differences.  
  HY1 HY2 HYD1 HYD2 Control ANOVA 
 WW D WW D WW D WW D WW D Var. 
F./Sig 
Treat. 
F./Sig 
Var*Treat 
F./Sig 
Normalized 
data 
Vj 0.49±0.02
bc 0.51±0.03bc 0.46±0.02c 0.54±0.02bc 0.55±0.02b 0.54±0.01bc 0.50±0.02bc 0.49±0.01bc 0.50±0.01bc 0.53±0.01bc 2.93* 2.98n.s. 2.15n.s. 
Vi 0.79±0.03 0.73±0.02 0.78±0.01 0.77±0.02 0.80±0.03 0.80±0.02 0.80±0.02 0.74±0.01 0.77±0.02 0.76±0.02 1.39
n.s. 5.30* 1.02n.s. 
Quantum 
yields and 
flux ratios 
Po 0.83±0.01 0.82±0.01 0.83±0.01 0.81±0.01 0.81±0.01 0.81±0.01 0.82±0.00 0.82±0.00 0.83±0.00 0.81±0.01 0.99
n.s.. 5.51* 3.053* 
o 0.51±0.02
bc 0.49±0.03bc 0.54±0.02b 0.46±0.02bc 0.45±0.02c 0.46±0.01bc 0.50±0.02bc 0.51±0.01bc 0.50±0.01bc 0.47±0.01bc 2.93
* 2.98n.s 2.14n.s. 
Eo 0.42±0.02
bc 0.40±0.03bc 0.45±0.02b 0.37±0.02bc 0.36±0.02c 0.37±0.01bc 0.41±0.02bc 0.42±0.01bc 0.41±0.01bc 0.38±0.01bc 2.75
* 3.73n.s. 2.39n.s. 
Do 0.16±0.01
c 0.18±0.01bc 0.17±0.01bc 0.19±0.01b 0.19±0.01b 0.19±0.00bc 0.18±0.00bc 0.18±0.00bc 0.17±0.00bc 0.19±0.01b 0.99n.s. 5.51* 3.05* 
Specific 
energy 
fluxes 
ABS/RC 2.29±0.07 2.48±0.05 2.42±0.10 2.54±0.09 2.37±0.10 2.33±0.07 2.57±0.08 2.37±0.06 2.35±0.09 2.59±0.11 1.23n.s. 0.54n.s. 2.59n.s. 
TRo/RC 1.90±0.05 2.02±0.02 2.01±0.07 2.05±0.05 1.91±0.07 1.90±0.06 2.09±0.06 1.95±0.04 1.96±0.07 2.09±0.07 1.62
n.s. 0.56n.s. 1.84n.s.. 
ETo/RC 0.96±0.03
abc 1.00±0.05abc 1.09±0.06a 
0.94±0.03 
abc 0.85±0.03c 
0.88±0.05 
bc 1.05±0.05ab 0.99±0.02abc 0.97±0.02abc 
0.99±0.02 
abc 
5.21** 1.08n.s. 1.76n.s. 
DIo/RC 0.39±0.03 0.46±0.03 0.41±0.03 0.49±0.04 0.46±0.03 0.43±0.01 0.47±0.03 0.42±0.02 0.40±0.02 0.49±0.04 
0.30 
n.s. 
3.42n.s. 2.83* 
 PiABS 2.44±0.16
c 2.02±0.30abc 2.24±0.18bc 1.64±0.06ab 1.62±0.15ab 1.62±0.09ab 1.67±0.12ab 2.13±0.05bc 2.21±0.15bc 1.39±0.09a 4.48** 8.51 ** 5.73** 
 
Table 3. Aminoacids (mol g-1 FW) in the five varieties (HY1. HY2. HYD1. HYD2. Control) under well-watered and drought. Data are means ± E.S. (n=4). Two-way analysis 
of variance (ANOVA) for the effects of variety (Var.) and water treatment (Treat.) with their interaction factor (Var.×Treat.) on amminoacids with between-and within -
subject factors carried out to assess statistical significance of mean differences is shown.   *P<0.05; **P<0.001; ***P<0.0001. n.s. not significant. Different letters denote 
statistically significant differences at p_0.05 after Student–Newman–Keul test. No letters indicate no significant differences. 
 HY1 
 
HY2 
 
HYD1 
 
HYD2 Control ANOVA 
WW D  WW D WW D WW D WW D Var.  
F./Sig 
Treat.  
F./Sig 
Var*Treat  
F./Sig 
 Asp 0.7±0 0.7±0.1 0.7±0.1 0.6±0 0.7±0 0.6±0 0.7±0.1 0.6±0 0.8±0.2 0.8±0.1 1.10 n.s 1.75n.s 0.08 n.s 
Asn 1.1±0.5 2.4±0.6 0.7±0.4 2.0±0.6 0.8±0.2 2.2±1.2 0.2±0.4 1.0±0.5 1.8±1 0.2±0.3 0.77 n.s 2.04 n.s 1.36 n.s 
Glu 1.7±0.2  1.7±0.2  1.3±0.2  1.2±0.2  1.6±0.1  1.3±0.1  1.5±0.2  1.3±0.1  1.9±0.4  1.4±0.3  3.15 n.s 2.00 n.s 0.38 n.s 
Gln 0.5±0.0  0.5±0.0  0.5±0.0  0.5±0.0  0.5±0.0  0.5±0.0  0.5±0.0  0.5±0.0  0.5±0.0  0.6±0.0  3.02 n.s 0.35 n.s 0.93 n.s 
Gly 0.5±0.0a 0.4±0.1a 0.3±0.0b 0.4±0.1a 0.3±0.0b 0.3±0.0b 0.3±0.0b 0.3±0.0b 0.3±0.0b 0.3±0.0b 6.17 *** 1.02 n.s 4.46 ** 
Ser 0.8±0.1 0.6±0.0 0.7±0.2 0.7±0.1 0.6±0.1 0.6±0.1 0.5±0.0 0.6±0.1 0.6±0.1 0.6±0.1 1.60 n.s 0.03 n.s 0.73 n.s 
Phe 0.6±0.1b 0.6±0.1b 0.4±0.0b 1.1±0.3b 0.4±0.0b 0.5±0.1b 0.4±0.0a 0.4±0.1b 0.4±0.0b 0.4±0.0b 2.76 * 5.80 * 2.63 * 
Tyr 0.5±0.1ab 0.4±0.0b 0.4±0.0b 0.7±0.1a 0.4±0.0b 0.5±0.0b 0.4±0.0b 0.4±0.0b 0.4±0.0b 0.4±0.0b 2.44 n.s 1.878 n.s 3.54 * 
Val 0.4±0.1b 0.4±0.1b 0.2±0.0b 0.8±0.3a 0.2±0.0b 0.3±0.0b 0.2±0.0b 0.2±0.0b 0.2±0.0b 0.3±0.1b 2.97 * 4.79 * 2.83 * 
Leu 0.7±0.1ab 0.5±0.1ab 0.3±0.0b 0.8±0.2ab 0.3±0.0b 0.4±0.0b 0.3±0.0b 0.4±0.1b 0.3±0.0b 0.4±0.1b 3.19 * 2.62 n.s 3.14* 
Ile 0.5±0.1b 0.5±0.1b 0.3±0b 0.9±0.2a 0.3±0.0b 0.4±0.0b 0.3±0.0b 0.4±0.1b 0.3±0.0b 0.4±0.0b 3.18 * 5.83 * 2.88 * 
Ala 10.6±1.1b 5.5±0.5a 7.7±1.3a 6.4±0.7a 7.3±1.5a 5.5±0.6a 4.7±0.5a 7±0.6a 6.6±1.2a 4.3±1.0a 2.27  n.s 7.45 *** 3.86 *** 
Thr 0.2±0.2 0.1±0.1 0.2±0.2 0.1±0.1 0.5±0.1 0.5±0.0 0.5±0.0 0.3±0.2 0.7±0.3 0.4±0.1 2.85 * 1.21 n.s 0.48 n.s 
Met 0.3±0.1 0.2±0.0 0.±0.0 0.3±0.0 0.2±0.0 0.2±0.0 0.2±0.0 0.2±0.0 0.2±0.0 0.2±0.0 0.60 n.s 0.68 n.s 2.51 n.s 
Lys 0.2±0.0b 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.0±0.0a 0.0±0.0a 10.06 *** 10.74 ** 7.92 *** 
His 0.2±0.1b 0.0±0.0ab 0.0±0.0a  0.2±0.0b  0.2±0.0b  0.2±0.0b  0.1±0.1ab  0.1±0.1ab  0.1±0.1ab 0.1±0.1ab 3.62 * 0.00 n.s 7.19 *** 
Pro 0.8±0.1b 1.9±0.8b 0.4±0.1b 5.4±2.2a 0.4±0.1b 0.7±0.2b 0.3±0b 1.2±0.5b 0.4±0.1b 1.4±0.7b 2.37 n.s 8.02 * 2.32 n.s 
Arg 0.8±0.1 0.5±0.1 0.7±0.1 0.6±0.1 0.7±0.1 0.5±0.1 0.4±0.0 0.5±0.0 0.5±0.1 0.5±0.1 1.43 n.s 2.98 n.s 1.71 n.s 
GABA 0.9±0.2b 0.6±0.0a 0.6±0.0a 0.6±0.1a 0.5±0.0a 0.5±0.0a 0.5±0.0a 0.3±0.1a 0.4±0.1a 0.5±0.0a 7.93 *** 1.49 n.s 3.15 * 
 
 
